Abstract -Cell mechanics is a novel label-free biomarker for indicating cell states and pathological changes. The advent of atomic force microscopy (AFM) provides a powerful tool for quantifying the mechanical properties of single living cells in aqueous conditions. The wide use of AFM in characterizing cell mechanics in the past two decades has yielded remarkable novel insights in understanding the development and progression of certain diseases, such as cancer, showing the huge potential of cell mechanics for practical applications in the field of biomedicine. In this paper, we reviewed the utilization of AFM to characterize cell mechanics. First, the principle and method of AFM single-cell mechanical analysis was presented, along with the mechanical responses of cells to representative external stimuli measured by AFM. Next, the unique changes of cell mechanics in two types of physiological processes (stem cell differentiation, cancer metastasis) revealed by AFM were summarized. After that, the molecular mechanisms guiding cell mechanics were analyzed. Finally the challenges and future directions were discussed.
regulates cellular physiological activities [2] . The mechanical properties of ECM not only allow tissues to withstand daily stresses, but also have direct effects on cells [3] . On the one hand, cells can sense the mechanical properties of the ECM, and then translate the ECM's mechanical cues into biochemical signals that regulate gene and protein expression of cells [4] , thus impacting cell behaviors such as adhesion, spreading, migration, proliferation and differentiation [3] . On the other hand, the interactions between cells and ECM are closely related to the formation of the unique cellular mechanics. ECM stiffness, which matches the stiffness of native tissues, guides stem cell differentiation toward corresponding tissue lineages [5] . For example, ECM approximating the Young's modulus of brain (0.1-1 kPa), muscle (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) , and bone tissues (25-40 kPa) guides naive stem cells to differentiate into neurons, myoblasts, and osteoblasts respectively [6] . During the life of a cell, its mechanics changes dynamically to fulfill various biological functions and pathological changes occurring inside the cell are often accompanied with the significant changes of cell mechanics [7] . For instance, a critical factor of successful tumor metastasis is the marked alterations in the mechanical properties of the tumor cells [8] . It is increasingly evident in the biophysical communities that cell mechanics is a promising biomarker for indicating cell states [9] . Conventional morphological-based examination of cell or tissue sample is the gold standard for cancer diagnosis, but this method requires cells to be chemically fixed and thus cancer cell behaviors (e.g., invasiveness, metastatic ability) cannot be assessed [10] . Detecting cell mechanics is label-free without sample pretreatments [11] and thus can provide novel insights into cell behaviors, which is of fundamental significance in diverse fields, including disease diagnosis and treatment [10] , drug screening and evaluation [12] .
The mechanical behaviors of cells can be measured by many methods, such as microfluidics [13] , micropipette aspiration [14] , micropost arrays [15] , magnetic twisting cytometry [16] , optical tweezers [17] , parallel plate [18] , and atomic force microscopy (AFM) [19] . Among these methods, however, AFM is the most widely used tool for detecting cell mechanics [20] [21] [22] . The advantages and disadvantages of these methods are summarized in Table I . AFM uses a cantilever with a sharp tip mounted at its end to raster scan the sample to obtain the topography image of the sample. AFM has nanometer resolution (the spatial resolution of AFM imaging on mammalian cells is about 50 nm [23] ) and can work in aqueous conditions (e.g., cell culture medium), which makes it particularly suited for detecting biological samples. With AFM, the individual microvilli on living mammalian cell surface can be visualized [24] , nanoscale organizations on living bacterial cell surface can be revealed at single-molecule level [25] , and the dynamic activities of single molecules at work on cell surface can be filmed by highspeed AFM [26] . Beyond topography imaging, AFM also provides high-resolution maps of cellular mechanical properties, thus acting as a reliable tool for correlating mechanics with the structures and functions of the sub-cellular structures (e.g., cytoskeleton and organelles [27] ). The applications of AFM in detecting cell mechanics in the past decades have yielded significant breakthroughs in cell behaviors, contributing much to the field of cell biology and medicine. In this paper, we will firstly present the principle of measuring cell mechanical properties by AFM and the factors influencing cell mechanics. Next, AFM studies about cell mechanical changes in two aspects (stem cell differentiation, cancer metastasis) and the underlying molecular mechanisms involved in cell mechanics were summarized. The facing challenges and future directions were also discussed.
II. PRINCIPLE AND METHOD OF MEASURING CELLULAR MECHANICAL PROPERTIES BY AFM

A. Cellular Elastic Properties
The elastic properties (Young's modulus) of cells are measured by controlling AFM tip to perform approach-retract cycle on cell in the vertical direction. The prerequisite of AFM measurements is immobilizing cells onto a substrate. Adherent cells can naturally grow and spread on the substrate [28] , while suspended cells can be immobilized onto the substrate via poly-L-lysine electrostatic adsorption [29] or microfabricated devices (e.g., porous polymer membrane [30] , microwell [31] and micropillar [32] ). For mechanical measurements, the piezoelectric ceramic tube drives the AFM tip (as shown in Fig. 1A ) to gradually approach and indent the cell in the vertical direction until the maximum preset loading force is achieved. Then the AFM tip is controlled to retract from the cell to its original position. During the approachretract process, both the deflection of AFM cantilever and the vertical displacement of AFM probe are recorded, which yields the so-called force curves. The deflection of AFM cantilever is detected by a beam of laser which is reflected off the backside of AFM cantilever to a four-quadrant photodiode position sensitivity detector (PSD). The vertical displacement of AFM probe is acquired by monitoring the positional changes of the piezoelectric ceramic tube in the vertical direction. Fig. 1B shows the side-view fluorescence images of controlling AFM tip to indent the cell [33] . Each force curve is composed of two portion, including an approach curve and a retract curve, as shown in Fig. 1C . Cellular Young's modulus can be obtained from both approach curve and retract curve depending on the theoretical models applied [27] , while the retract curve can also be used for analyzing the adhesion forces [34] .
There are many models for extracting cellular Young's modulus from the AFM-obtained force curves, mainly including Hertz-Sneddon, Johnson-Kendall-Roberts (JKR), DerjaguinMuller-Toporov (DMT), and Oliver-Pharr. Hertz model is applicable to spherical tip, while Sneddon extended it to conical tip [35] . Hertz-Sneddon model does not consider electrostatic forces, adhesion forces or friction forces between contact surfaces [19] . Hence, Hertz-Sneddon theory can only be applied when the adhesion force is much smaller than the maximum load [36] . JKR model considers the adhesion [33] . (C, D) Schematic diagrams of a force curve (C) and a stress relaxation curve (D). Force curve is used for calculating cellular elastic properties (e.g., Young's modulus) and stress relaxation curve is used for calculating cellular viscoelastic properties (e.g., relaxation time). (E, F) Simultaneously obtaining structural information and mechanical information of cells. (E) Force volume mode [64] . (F) Peak force tapping mode [65] .
forces inside the contact area whereas DMT model considers the forces outside the contact area [37] . Hence, JKR model can be applied in the case of large tips and soft samples with a large adhesion, and DMT model is applicable in the case of small tips and stiff samples with a small adhesion. Oliver-Pharr model considers the elastic response in the presence of plastic deformations to be the same as in the case of purely elastic deformation and also does not take into account the probe-sample adhesion [38] , [39] . In practice, however, Hertz-Sneddon model is the most widely used model [19] . Hertz-Sneddon model is based on several assumptions of the sample being indented, such as homogeneous, isotropic, and infinitely thick [35] . It is obvious that these assumptions are not truly met in the case of indenting cells (cells are highly heterogeneous and anisotropic with a finite thickness). Nevertheless, studies have shown that when the indentation depth is less than 10% of the cell thickness, Hertz-Sneddon model is applicable [40] . When the indentation depth is larger than 10% of the cell thickness, the AFM tip will feel the underlying substrate, which makes cells appear stiffer than they really are. In order to avoid the influence of substrate, Gavara and Chadwick [41] integrated a correction factor into Hertz-Sneddon model and the results showed that the corrected model can effectively eliminate the substrate effects for thin samples (such as the peripheral areas of adherent cells). However, this method [41] requires the measurement of sample thickness, and thus is more complex than Hertz-Sneddon model.
By converting an approach curve into an indentation curve according to the contact point (the indentation is obtained by subtracting the cantilever deflection from the vertical displacement of the probe), the Young's modulus is extracted by fitting the indentation curve with Hertz-Sneddon model. The contact point is often visually determined [42] . The formulae of Hertz-Sneddon model are:
where υ is the Poisson ratio of cell (cells are often considered as incompressible material and thus υ = 0.5 [43] ). F is the applied loading force of AFM probe, δ is the indentation depth, E is the Young's modulus of the cell, θ is the half-opening angle of the conical tip, and R is the radius of spherical tip. The use of conical tip or spherical tip depends on the experimental goal. The conical tip can discriminate the diverse mechanical properties of different sub-cellular structures (such as cytoskeleton [35] ), which facilitates investigating the relationship between cell structures and cell mechanics [44] . While the spherical tip can better represent the mechanical properties of the whole cell [45] . The loading force F is calculated according to Hooke's law:
where k is the spring constant of the cantilever and x is the deflection of the cantilever which can be directly read from the original force curves. The spring constant of AFM cantilever should be calibrated during the experiments. For calibration, force curves are recorded on a stiff (unindentable) substrate to calibrate the deflection sensitivity of the cantilever and then the spring constant of the cantilever can be calibrated by thermal noise method [27] . It should be noted that the spring constant of AFM cantilever should be comparable with the stiffness of the cell being measured, thus often the AFM cantilevers with the spring constant in the range 0.01-0.5 N/m [46] are used in measuring cell mechanics.
B. Cellular Viscoelastic Properties
Young's modulus only reflects the elastic properties of cells, while in fact living cells exhibit an astonishing rheological behaviors depending on amplitude, frequency and spatial location of loading [33] . The cytoplasm of living cells can be appropriately described as viscoelastic liquids [47] . This behavior is connected to the fundamental questions in cell mechanics [48] . Cellular rheological properties can be measured by passive methods or active methods [22] , [49] , [50] . Passive microrheology uses the thermal fluctuations of embedded colloidal probes to measure the material rheology (also called thermal diffusion microrheology) [49] . The thermal motion of particles is determined by either video microscopy or high-speed interferometric detection [51] . Active microrheology uses the externally forced colloidal probes to measure the linear or nonlinear rheological response of a material [49] , and typical methods include optical tweezers, magnetic tweezers, optical magnetic twisting cytometry, and AFM [50] . Since this paper focuses on AFM, readers are referred to [49] , [50] for detailed descriptions of other techniques used in cellular microrheology.
AFM measures the cellular viscoelastic properties by performing approach-reside-retract cycle on cell surface in the vertical direction [45] . In an approach-reside-retract cycle, the AFM tip far away from cell is firstly controlled to approach and indent the cell until the maximum preset loading force is achieved. Then the tip resides for a period of time during which the vertical position of piezoelectric ceramic tube is maintained constant. After the residence, the AFM tip retracts from the cell. The deflection of AFM cantilever during the approach-reside-retract cycle versus time (the so-called stress relaxation curve) is recorded. Fig. 1D is the schematic diagram of a typical stress relaxation curve.
The rheological parameters of cells can be extracted by fitting the stress relaxation curves with several models, such as power-law model [52] [53] [54] and Maxwell spring-dashpot model [55] [56] [57] . The formula of power-law model [53] , [58] is:
where ω is the radian frequency of harmonic load, η is the damping parameter (η = tan(απ/2)), G 0 and ω 0 are scale factors for stiffness and frequencies respectively, α is the power-law exponent, i ωμ is the Newtonian viscous term, G (ω) is the storage modulus (real part of G * ), G (ω) is the loss modulus (imaginary part of G * ). The formula of generalized Maxwell spring-dashpot model is:
where F is the applied loading force of the AFM probe, A 0 is the instantaneous (purely elastic) response, A i are the [45] , [59] . It should be noted that the elastic and viscoelastic properties of cells measured by AFM is dependent on the loading rate of AFM probe and the cell positions being probed also influence the measured Young's modulus of cells [60] . The increase of loading rate can result in the increase of cellular Young's modulus measured by AFM, whereas the Young's modulus of cell nucleus area is often smaller than that of cell peripheral area.
C. Statistical Analysis
In practice, after calibrating the deflection sensitivity and spring constant of the cantilever, AFM probe is moved to the cell to perform mechanical measurements. In order to obtain the results with statistical significance, thousands of force curves are often recorded on many cells. The histograms of mechanical parameters (e.g., Young's modulus) extracted from these force curves are then plotted. The histograms are often well fitted with the normal distribution (for symmetric histograms) [46] , [54] or log-normal distribution (for non-symmetric histograms) [61] [62] [63] . The mean value and standard deviation are acquired from the normal/log-normal distribution fitting, which statistically quantify the different mechanical properties of cells. For example, not only tumor cells have a much smaller mean value of Young's modulus than that of benign mesothelial cells, but also tumor cells display a narrow, spiked peak with little spread, wheareas benign mesothelial cells display a broad peak [63] .
D. Simultaneously Obtaining Structural Information and Mechanical Information of a Single Cell
AFM is a powerful tool for simultaneously obtaining structural information and mechanical information of a single cell at the micro/nano scale, which is useful for understanding the underlying mechanisms guiding cell behaviors. There are mainly two AFM-based methods for simultaneously obtaining structural information and mechanical information of a single cell, including force volume mode [64] and peak force tapping mode [65] , as shown in Fig. 1E and Fig. 1F respectively. In the force volume mode, arrays of force curves (e.g., 32 × 32 [64] , 64 × 64 [66] ) are acquired on a scan area of a cell. A Young's modulus is calculated from each force curve, and then the Young's modulus map is constructed. The displacement changes of AFM tip in the vertical direction also produce a force volume map, which reflects the topography information of cells. Fig. 1E(i) is the AFM deflection image of a human endothelial cell. Fig. 1E (ii) is the force volume Peak force tapping is a new mode during which the vibrating tip indents the samples to record an array of force curves for each sampling points on the sample. By realtime analyzing the different parts of the force curves, multiple parameters that reflect the physical properties of the samples are obtained, such as topography, Young's modulus, adhesion, deformability, and energy dissipation [67] . Fig. 1F shows the peak force tapping scanning of keratinocytes, showing the comparison between structural information and Young's modulus information.
It should be noted that adequate imaging conditions are important to assure the healthy state of living cells. The imaging conditions (e.g., medium, temperature, pH) are diverse for different types of cells. Microbial cells (e.g., yeasts, bacteria) can be imaged in buffer or pure water at room temperature [31] , [68] , [69] , whereas mammalian cells are often imaged in culture medium at 37°C [63] , [66] , [70] , as summarized in Table II .
E. Factors Influencing AFM Mechanical Measurements
Cellular mechanical properties measured by AFM are closely related to experimental conditions. The first factor is the AFM probe, such as tip shape and spring constant of cantilever. Harris and Charras [71] used both standard conical cantilevers and the same cantilevers modified with a spherical tip to measure cell Young's modulus, showing that Young's modulus measured by conical tips was 2-3 fold larger than that measured by spherical tips. Vargas-Pinto et al. [72] have also shown that the Young's modulus of human umbilical vein endothelial cells (HUVEC) and Schlemm's canal (SC) endothelial cells measured by spherical tips (0.71 ± 0.16 kPa and 0.94 ± 0.06 kPa) was significantly smaller than that measured by conical tips (3.23±0.54 kPa and 6.67±1.07 kPa). This may due to the different cellular structures probed by the tips. Spherical tip has a larger contact area than conical tip. Conical tip primarily probes the cell cortex, whereas spherical tip probes both cortex and the underlying cytoplasm. Cell cortex is an actin-dense region of the cell lying immediately beneath the cell membrane [72] . Cell cortex is much stiffer than the underlying cellular structures (cytoskeleton and cytoplasm), resulting in that the Young's modulus measured by conical tips is larger than that measured by spherical tips.
The second factor is the temperature. Cells can exhibit different morphologies and mechanical properties in response to the changes of environmental temperatures [73] . However, there have been opposite results for the influence of temperature on cell Young's modulus. For example, Spedden et al. [74] have shown that the increase of temperature resulted in the decrease of Young's modulus of neuronal cells, while Sunyer et al. [75] have shown that the increase of temperature resulted in the increase of Young's modulus of human alveolar epithelial A549 cells, indicating that the mechanical response of different cells to temperatures are variable. The changes of temperatures can cause the alterations of cytoskeleton structures, which then results in the changes of cell mechanics. Cytoskeleton staining imaging has shown that there are significant alterations in cytoskeleton components (e.g., tubulin, actin) when temperature changes [74] . At low temperature, increased concentrations of actin are correlated with the mechanics of cells, whereas at high temperature increased concentrations of tubulin are correlated with the mechanics of cells.
The third factor is the culture medium. The results by Nikkhah et al [76] showed that the reduction of serum in the culture medium can result in the decrease of cellular Young's modulus. This inspires us to consider the culture medium when investigating cell mechanics, especially for those cells require higher concentration of serum, such as stem cells [77] . Collectively, in order to make measurements comparable, conditions should be maintained identical during AFM cellular mechanical experiments.
III. MECHANICAL CHANGES OF CELLS IN RESPONSE TO EXTERNAL STIMULI
A. Substrate Nanotopography Nanotopography of the substrate is known to influence diverse cell behaviors, such as morphology, adhesion, proliferation, self-renewal, gene expression, and migration [78] , [79] . The representative nanotopography geometries used in guiding cell behaviors are nanograting, nanopost array, and nanopit array [78] . The interaction of nanotopographical features with integrin receptors in the cell's focal adhesion points alters how the cells adhere to materials surfaces and defines cell fate through changes in both cell biochemistry and cell morphology [80] . This is of important significance for the field of regenerative medicine [81] , as we may develop materials with adequate nanotopography structures which can promote stem cells differentiate into target cells. Since cell mechanics is closely related to the cell structures (especially the cytoskeleton [82] ), cellular morphological changes in response [78] , [83] . Cells cultured on nanograting substrate are elongated along the grating axis and become stiffer than on flat substrate. (B) Substrate stiffness [6] . Stem cells cultured on substrate with different stiffness differentiate into different types of cells. (C) Cell-cell contact [92] . Cell-cell contact alters cell cytoskeletons which results in the changes of cell mechanics. (D) Drug stimulation [97] . Micropores occur on the cell after the treatment of cisplatin. The combination use of cisplatin and rituximab further results in the increase of cell stiffness. (E) Nanoparticle stimulation [102] , [105] . AFM imaging clearly shows the pit formed on cell surface after endocytosis of nanoparticles. The uptake of nanoparticles results in the stiffening of cells.
to nanotopographical cues are often accompanied with cellular mechanical changes. In 2015, Rianna et al. [83] used AFM to investigate the morphology and mechanics of fibroblasts cultured on azopolymer substrates with different topographical patterns, as shown in Fig. 2A . The results showed that cells on the linear pattern were much more elongated and flattened, while the Young's modulus of cells was higher on the patterned substrate compared to the unpatterned substrate, demonstrating the relationship between cell mechanics and substrate topography.
B. Substrate Stiffness
Besides topography, the stiffness of substrate also has an important impact on cell behaviors. In 2006, Engler et al. [6] performed the landmark study which shows that substrate stiffness guides the stem cell lineage specification, as shown in Fig. 2B . Mesenchymal stem cells cultured on substrate with stiffness 0.1-1 kPa differentiate into neurons, stem cells cultured on substrate with stiffness 8-17 kPa differentiate into myoblasts, and stem cells cultured on substrate with stiffness 25-40 kPa differentiate into osteoblasts. In 2016, Yang et al. [84] investigated the stem cells on mechanically patterned hydrogel surfaces with different stiff-to-soft ratios by AFM. Hydrogels with tunable mechanical properties were synthesized by photodegradation reaction. The results showed that highly spread, elongated morphologies and higher Yesassociated protein (YAP) activation were observed in stem cells cultured on hydrogels with higher concentrations of stiff regions, whereas irregular, disorganized variations in matrix mechanics appeared to disrupt actin organization and lead to different cell fates. However, the regulation of stem cell fates via substrate stiffness is conditional. First, substrate stiffness alone does not direct stem cell lineage specification, but the combination of substrate stiffness and specific ECMs seems to direct stem cell fate into specific differentiation lineages in 2-D culture [85] . Second, appropriate substrate materials are required to guide stem cell differentiation. For example, some rigid substrates (e.g., PDMS, glass, and metal) do not influence stem cell differentiation, whereas some soft substrates (e.g., hydrogel) have regulation effects on stem cell differentiation [86] , [87] . Recently, Ye et al. [88] cultured stem cell on poly(ethyleneglycol) (PEG) hydrogels with were covered by arginine-glycine-aspartate (RGD) peptides, confirming that the stiffness of hydrogel substrate directs stem cell fate. Third, the mechanical feedback requires adequate ECM anchoring densities. When the ECM is more loosely bound on soft hydrogels, it cannot provide mechanical feedback that the integrin requires to cluster in focal adhesions [85] .
C. Cell-Cell Contact
In the cell microenvironment, there are diverse types of other cells embedded in the ECM. For example, the tumor microenvironment is composed of blood and lymphatic vessels and a variety of nonmalignant host cells, including fibroblasts, monocytes, macrophages, mast cells, mesenchymal stem cells and so on [89] , [90] . Recent studies have shown that cell-cell contacts have a significant effect on cell mechanics [91] [92] [93] . In 2014, Guo et al [91] applied AFM to investigate the mechanical properties of cells in three different microenvironments as related to cell-cell contacts, including isolated cells, cells residing on the periphery of a contiguous cell monolayer, and cells on the inside of a contiguous cell monolayer. The results showed that the stiffness of cancer cells was less sensitive to the microenvironment than normal cells. However, Yousafzai et al. [92] obtained the opposite results: metastatic breast cells became significantly stiffer in cell-cell contact condition than in isolated condition, while normal breast cells were less sensitive to cell-cell contact. The fluorescence microscopy experiments showed that the cellcell contact resulted in the changes of actin cytoskeletons, which then caused the changes of cell mechanics, as shown in Fig. 2C . In 2016, Guz et al [93] investigated the effects of cell-cell communication on the elasticity of human acute leukemic cells. The Young's modulus of cells grown in low density (5000 cells/ml) and high density (2 × 10 5 cells/ml) was measured respectively, showing that the Young's modulus significantly decreased in high density than in low density.
D. Drug Stimulation
Utilizing AFM to measure the mechanical changes of cells after the stimulation of drugs has been widely investigated in the past decades. In 2000, Rotsch and Radmacher [66] measured the Young's modulus of fibroblasts after the stimulation of various drugs whose targets were the cytoskeletons, showing that after the treatment of drugs disrupting actin filaments the cellular Young's modulus remarkably decreased, whereas there were no changes in Young's modulus for the cells treated by drugs disrupting microtubules. In 2007, Lam et al. [94] measured the mechanical changes of leukemia cells after the treatment of two chemotherapy drugs (dexamethasone and daunorubicin) by immobilizing cells with microfabricated wells. AFM measurements showed that the treatment of chemotherapy drugs resulted in the significant increase of cell stiffness. Microfluidic channel was used to detect the deformability of cells, showing that drug-induced stiffer cells had decreased passage through the channels. Targeted drugs based on antibody has achieved unprecedented success in treating cancers in the past two decades [95] . However, in the clinical practice, targeted drugs are often combined with chemotherapy drugs (such as rituximab in treating B-cell lymphomas) [96] , causing that the exact contribution of targeted drugs to the clinical therapeutic outcomes is difficult to evaluate. We have used AFM to investigate the mechanical changes of lymphoma cells after the treatment of two chemotherapy drugs (cisplatin and cytarabine) and one targeted drug (rituximab) [97] . As shown in Fig. 2D , AFM imaging revealed the significant morphological changes on cells after drug stimulation (micropores occurred on the cell surface). AFM measurements also showed that cells became stiffer after the treatment of cisplatin and cytarabine. The combination use of chemotherapy drugs and antibody drug (rituximab) resulted in the further stiffening of cells, indicating the effectiveness of cell mechanics in quantifying the enhancing effects of targeted drug to chemotherapy drugs.
E. Nanoparticle Stimulation
Nanoparticle stimulation also influences the mechanical properties of cells. Nanoparticles have been widely used in the fields of drug delivery as suitable vehicles for overcoming pharmacokinetic limitations associated with conventional drug formulations [98] . Nanoparticles enter the cell via four types of pathway: clathrin/caveolar-mediated endocytosis, phagocytosis, macropinocytosis, and pinocytosis [99] . Recent studies have shown that cellular uptake of nanoparticles can induce the changes of cytoskeletons and therefore affect cellular mechanics [100] , as shown in Fig. 2E . By AFM imaging, the dynamic changes (pits formed on the cell surface due to endocytosis of nanoparticles) on cell surface after incubation with nanoparticles were clearly visualized [101] [102] [103] . In 2013, Ciofani et al. [104] measured the Young's modulus of mesenchymal stem cells after the treatment of barium titanate nanoparticles by AFM. The results showed that after the treatment the Young's modulus of cellular perinuclear zone increased significantly, but there were no significant mechanical changes of cellular nuclear zone. In 2015, Mao et al. [105] used AFM to investigate the mechanical changes of bovine articular chondrocytes (BACs) after the stimulation of magnetic iron-iron oxide core-shell nanoparticles. The results showed that cells became significantly stiffer after the stimulation and the changes of cell stiffness were dependent on the concentrations of nanoparticles. Besides stiffness, nanoparticles also influence the tension of cells. In 2014, Tay et al. [106] investigated the interactions between titanium dioxide nanoparticles and epithelial cells. The results showed that nanoparticle treatment destabilized microtubule network and induced global cytoskeletal and focal adhesion remodeling, which resulted in the increase of cell traction and impaired migration capability.
IV. MECHANICAL DYNAMICS OF STEM CELLS DURING DIFFERENTIATION
Stem cells are functionally defined as having the capacity to self-renew and the ability to generate differentiated cells [107] . More explicitly, stem cells can generate daughter cells identical to their mother (self-renew), as well as produce progeny with more restricted potential (differentiated cells). The limitless self-renewal and differentiation properties of stem cells enable them to produce the large quantities of specific cell types for basic research and drug discovery in regenerative therapies [108] , especially for neurodegenerative diseases [109] , such as Alzheimer's, Parkinson's, and Huntington's diseases. Stem cells have been widely characterized by their biochemical properties via various molecular methods, such as immunocytochemistry, immunohistochemistry, transcriptional expression profiling, and single-cell RNA sequencing [110] , [111] . In the past decade, researchers have begun to evaluate the influence of physical cues on stem cells [85] . Besides chemical alterations, stem cell differentiation is also accompanied with the changes in cellular physical properties such as stiffness [112] which can be easily measured by AFM. In the past decade, the applications of AFM in stem cell behaviors have shown the great potential of cell mechanics in indicating the fate of stem cells as a label-free biomarker.
Cell mechanics indicates the stemness of the stem cells. In 2011, Hammerick et al. [113] used AFM to compare the Young's modulus of several types of stem cells, including unipotent cells, multipotent cells, and pluripotent cells. Spherical tip (a 5-μm-diameter glass bead was attached to the AFM cantilever) was used to measure the mechanics of the cells. The results distinctly showed that the pluripotent cells are more softer than multipotent and unipotent cells, indicating that greater differentiation potentials might correlate with a lower cellular Young's modulus. Cells were stained for actin to compare cytoskeletal differences between these different types of stem cells, showing that stem cells with higher stiffness had increased content of actin cytoskeletons. Hence, the changes in mechanical properties can be indicative of the underlying cytoskeletal changes, especially in the actin cytoskeleton [114] .
As stem cells differentiate, their mechanical properties also change. In 2007, Titushkin and Cho [115] used AFM to monitor the mechanical changes of human mesenchymal stem cells (hMSCs) during osteogenic differentiation, as shown in Fig. 3 . Glass beads were glued onto the AFM cantilever to serve as cell indenters. hMSCs were cultured in osteogenic induction medium (containing 10 nM dexamethasone, 50 μM L-ascorbic acid, and 20 mM β-glycerophosphate) to differentiate into bone cells. The osteogenic differentiation was verified by specific osteogenic markers, including osteocalcin, osteopondin, alkaline phosphatase, calcium mineralization, and gene expressions. The results showed that there was a significant decrease in cellular Young's modulus 7 days after differentiation (the Young's modulus of cells in differentiation medium was about 1.7 ± 1.0 kPa, while the Young's modulus of cells in normal medium was about 3.2 ± 1.4 kPa). The cytoskeleton staining results showed that as osteogenic differentiation of hMSCs progressed, more and more stress fibers were replaced with a thinner actin network that was characteristic of mature osteoblasts, whereas there were no significant differences in the microtubule structure between the undifferentiated hMSC and osteoblasts. In 2014, Bongiorno et al. [116] also used AFM to investigate the mechanical properties of hMSCs and human osteoblasts (hOBs). Gridded Petri dish was designed to facilitate the sequential measurement of live-cell stiffness and fluorescent protein biomarker expression at the single-cell level, enabling the direct correlation between mechanics and protein biomarkers of single cell. The results also showed that cellular Young's modulus decreased during chemicallyinduced osteoblast differentiation (about 20 days after differentiation, the Young's modulus of hMSC was comparable to the Young's modulus of hOB). Further, the AFM-acquired cellular Young's modulus changes were consistent with the protein staining results at the single-cell level, demonstrating the great potential of Young's modulus in phenotype identification. In 2010, Chen et al. [117] investigated the mechanical changes of human amniotic fluid-derived stem cells (hAFSCs) during its osteogenic differentiation and obtained the same conclusion: the Young's modulus of undifferentiated hAFSCs (3.97 ± 0.53 kPa) was significantly larger than that of fully differentiated osteoblasts (1.52 ± 0.63 kPa). The fluorescence experiments also revealed that the actin cytoskeletons became thinner after osteogenic differentiation.
For the mechanical dynamics of stem cells in the process of adipogenesis, there are controversial studies. In 2008, Darling et al. [118] used AFM to compare the mechanical changes of stem cells and adipocytes. Human adipocytes were isolated from fat pads of volunteers by surgery. Human adipose-derived adult stem (ADAS) cells were obtained from liposuction waste of subcutaneous abdominal adipose tissue from female donors. Borosilicate glass spheres (5 μm diameter) were attached to the AFM cantilever for measurements. The results showed that the adipocytes (0.9 ± 0.8 kPa) were significantly softer than ADAS cells (2.6±1.6 kPa) and MSCs (2.5 ± 1.8 kPa), indicating that during adipogenesis stem cells exhibit reduced cell stiffness. However, in 2016, a recent study by Liang et al. [119] obtained the opposite conclusion. Human adipose-derived MSCs were cultured in adipogenic media to differentiate into adipocytes. The dynamic changes of cell stiffness were measured in 20 days. The results showed that during adipogenesis cell stiffness increased slightly. This may partly due to the difference of cell types. In [118] , cells were harvested from different species and anatomical locations, both of which could add significant variability to experiments.
Besides cell elasticity, the dynamic changes in cell viscoelasticity during stem cell differentiation also have been investigated by AFM. In 2008, Darling et al. [118] measured the relaxation time of stem cells and differentiated cells, showing that the relaxation time of adipocytes was significantly larger than that of ADAS cells but osteoblasts and chondrocytes had reduced relaxation time than ADAS cells. In 2016, Bongiorno et al. [120] applied AFM to measure the elastic (Young's modulus) and viscoelastic properties (relaxation time) of naive and differentiated limbal stem cells (LSCs). Naive human limbal epithelial cells were cultured for 4 weeks to differentiate into limbal epithelial cells. Differentiated cells were identified by immunohisochemistry staining. Two Maxwell elements model was used to fit the stress relaxation curve to obtain the relaxation time of cells. The results showed that differentiated LSCs were significantly stiffer than naive LSCs. There were no significant differences in the fast relaxation time constant (τ 1 ) between naive and differentiated LSCs, but the naive LSCs had a significantly lower slow relaxation time constant (τ 2 ).
V. MECHANICAL DYNAMICS OF CELLS IN CANCER
DEVELOPMENT AND METASTASIS In the past two decades, utilizing AFM to investigate the mechanical properties of cancer cells has been an important topic for understanding physical cues in cancer development. In the beginning, researchers directly measure and compare the mechanical differences between cancer cells and their normal counterparts. In 1999, Lekka et al. [121] firstly quantified the mechanical properties of cancer cells and their normal counterparts by AFM. Five types of human bladder cell lines were used, including two types of normal human bladder epithelial cell line (Hu609, HCV29) and three types of human bladder carcinoma cell line (Hu456, T24, BC3726). The results showed that normal bladder cell lines (7 ∼ 10 kPa) were about 10 times stiffer than cancerous bladder cell lines (0.3 ∼ 1 kPa). However, this study was performed on cell lines, which cannot fully reflect the real situations in the human body. In 2007, Cross et al. [63] used AFM to compare the mechanical properties of primary cancer cells and healthy cells from clinical patients. Metastatic adenocarcinoma cells and benign mesothelial cells in pleural effusions were obtained from the body cavity fluid samples of patients with metastatic adenocarcinoma. By culturing the samples for 12 h, metastatic cells were recognized from normal mesothelial cells by morphological observation (malignant cells were round and normal mesethelial cells were flat). The results showed that normal mesothelial cells were about 4 times stiffer than metastatic malignant cells. However, the normal cells used in [63] are not the counterparts of malignant cancer cells. In 2008, Li et al. [122] used AFM to measure the Young's modulus of benign human breast epithelial cell line (MCF-10A) and malignant human breast epithelial cell line (MCF-7) and correlated cell mechanics with cell cytoskeletons, as shown in Fig. 4 . A 4.5 μm diameter polystyrene bead was adhered to the AFM cantilever to probe the cells. The results showed that the Young's modulus of cells measured by AFM was dependent on the loading rate of AFM cantilever. The Young's modulus of MCF-10A was 1.4-1.8 times higher than that of MCF-7 at the same loading rate. AFM imaging and actinstaining fluorescence showed that there were significant differences between MCF-10A and MCF-7. There were more actin filaments in MCF-10A than in MCF-7. Besides, that aggressive cancer cells had a lower Young's modulus than that of indolent cancer cells. In 2013, Zhou et al. [126] collected primary tongue squamous cell carcinoma (TSCC) cells from clinical patients and measured their mechanics. In vitro invasion assays were performed on these primary cancer cells to examine their metastatic potential. The results also showed that TSCC cells with higher metastatic potential had decreased Young's modulus compared to TSCC cells with lower metastatic potential .
The mechanical changes of cancer cells result in the unique mechanical signature of tumor tissues. In 2012, Plodinec et al. [127] used AFM to probe the stiffness of breast tissue biopsies from clinical patients. For each patient, five cylindrical biopsy specimens (diameter: ∼0.2 cm, length: 0.2-1 cm) were prepared from suspicious lesions under ultrasound guidance. One out of five biopsies was used for AFM measurements, and the other four biopsies were used for pathological staining. For AFM measurements, biopsy samples were immobilized on a plastic dish by epoxy glue. The results showed that stiffness maps obtained on normal and benign tissues exhibited a single peak, while stiffness maps obtained on malignant tissues exhibited three peaks containing a prominent low-stiffness peak. The correlation of AFM results with matching histologies demonstrated that the soft peak was for cancer cells. Further results acquired from the lungs of transgenic mice with late-stage tumors showed that tumor metastasis was correlated to the low stiffness of cancer cells. This comprehensive research indicated that the softness feature of malignant cells played a crucial role in tumor development and metastasis. In 2012, Lekka et al. [128] also used AFM to measure the Young's modulus of biopsy tissue samples prepared from clinical patients and hematoxylin-eosin (H&E) staining was used to verify the status of tissue samples, showing that normal tissues were significantly stiffer than cancer tissues.
The softening of cancer cell may to some extent be related to the physical process of cancer cell invasion and intravasation during tumor metastasis [129] , as shown in Fig. 5 . A cancer cell's journey from a primary tumor to a metastatic site involves many physical steps, mainly including detaching from the primary tumor, invading through local tissue, squeezing into blood or lymphatic vessels, surviving the harsh conditions within those vessels, squeezing out of them, and growing in a new tissue [130] . Primary cancer cells detach from the tumor by the mechanism of epithelialto-mesenchymal transition (EMT) [131] . During EMT, the E-cadherin expression level on the cancer cell is downregulated and the N-cadherin expression level on the cancer cell is up-regulated, which weakens the intercellular connection between two adjacent cancer cells and allows the cancer cell to detach from the tumor. Then the detached cancer cell passes through the basement membrane and ECM by up-regulating the expression levels of matrix metalloproteinase (MMP) and lysyl oxidase (LOX). The MMPs secreted by cancer cell can degrade the proteins in basement membrane and ECM [132] , whereas LOX promotes the cancer cell to adhere to the matrix [133] . Next, the cancer cell enters the blood vascular system by squeezing between blood vessel endothelial cells. These steps (Fig. 5) involve the physical processes of the cancer cells, such as adhesion and deformation [129] . The cancer cells with low stiffness are more deformable than their normal counterparts which are with high stiffness [13] , [134] . A recent study by Smolyakov et al. [135] has utilized AFM to compare the stiffness and adhesion between breast cancer cells with different metastatic potentials. For measuring cellular adhesion forces, a cell was attached to AFM cantilever and used to probe ECM or another cell. The results significantly showed that invasive cancer cells with low stiffness are also more adhesive than indolent cancer cells with high stiffness. These evidences indicate that the physical changes (decreased stiffness and enhanced adhesion) in cancer cells can help the cancer cell to pass through the barriers encountered during tumor metastasis, such as basement membrane, ECM, and blood vessel endothelial cell (Fig. 5) .
VI. MOLECULAR AND STRUCTURAL BASIS
OF CELL MECHANICS Understanding the underlying molecular mechanisms guiding cell mechanical behaviors is undoubtedly of important significance for us to better investigate cell mechanics and its biomedical applications. Cellular responses to mechanical forces are mediated by load-bearing sub-cellular structures, [85] . (C) Human MSCs cultured on increasingly stiff substrates display increased cytoskeleton organizations [6] , [141] . Left to right: 1 kPa polyacrylamide (PA), 11 kPa PA, 34 kPa PA, and glass (∼GPa). F-actins are stained as red fluorescence.
such as the plasma membrane, cell-adhesion complexes and cytoskeleton [136] , as shown in Fig. 6A . Transmembrane receptors from the integrin-family (integrin α and integrin β) bind ECM proteins like collagen with extracellular headpieces [137] . The cytoplasmic tails of integrins bind adaptor proteins such as the talin dimer, which in turn binds F-actins. F-actins are connected to microtubules through actincrosslinking factor 7 (ACF7), and to intermediate filaments through plectin 1 (a cytoskeleton crosslinking protein) [138] . F-actins and intermediate filaments are also connected to the inner nuclear membrane protein. Many ion channels are also integrated with this network [136] . We can see that through the complex network of mechanotransduction, the physical cues (e.g., substrate stiffness and substrate nanotopography [80] ) from environments are transmitted to cell nucleus, which finally influences the chemical properties and biological functions of cells, such as gene alteration, cell morphology, and cell fate [139] . Owing to the cytoplasmic viscoelasticity, force propagation from the ECM to the nucleus might take up to ∼1 ms [138] , meaning that cells can rapidly respond to the environmental physical cues. By controlling the physical properties of the ECM (such as stiffness), then the cell behaviors can be tuned. Actin filament polymerization generates force for protrusion of the leading edge in motile cells [140] . The generated force is transferred to integrins, which pull on the ECM. A stiff ECM resists this force so that the bound integrins remain immobile, whereas a soft ECM deforms under this force so that the bound integrins can also move [139] . This different behaviors then result in altered cellular responses. By utilizing this mechanism, stem cell fate can be controlled mechanically. Biomaterials, particularly hydrogels, have been developed to present defined physical cues for investigating stem cell behaviors [85] , [141] . Adhesion ligands such as peptides (RGD) and proteins (collagen, fibronectin laminin) are immobilized on the hydrogel scaffolds [141] . Stem cells reorganize the RGD peptides presented by the hydrogel matrices [85] . When stem cells are cultured on soft ECM, the RGD peptides are pulled together by stem cells. If stem cells are cultured on stiff ECM, stem cells spread to allow the integrins bind the RGD peptides, which requires the cell traction to be exerted on the ECM through motor proteins such as myosin-II [142] , as shown in Fig. 6B . These two different types of behaviors result in the different signaling, which lead to the different reorganization of cytoskeletons, as shown in Fig. 6C . Studies by Engler et al. [6] have shown that human MSCs possessed increased cytoskeletal organizations when substrate stiffness increased. The cytoskeleton alterations influence cellular chemical properties such as gene transcription [143] , which finally result in the changes of cell functions and cell fate.
It is increasingly apparent that cytoskeleton plays a crucial role in cell mechanics, and studying cytoskeleton dynamics can improve our understanding of the underlying link between cell mechanics and cell behaviors. During embryonic development, tumor metastasis, and mature multicellular organisms, individual cells continuously undergo physical changes in appearance, shape, position and contact with extracellular structures including other cells to fulfill various biological functions [143] , which is closely related to cell motility. The motility functions are mainly regulated by [146] . (B) Dynamic changes of actins during cell mitosis [147] . Actins are stained as green fluorescence. (C, D) Measuring the force generated by single cell during mitosis by AFM [148] , [149] . (C) Schematic diagram of measuring the generated forces at different stages of mitosis with wedged parallel cantilever [149] . (D) Dynamic changes of the generated forces during cell mitosis [148] .
cytoskeletons [144] , [145] . The cytoskeleton forms structures that have a wide variety of architectures (e.g., branched actin-filament networks, bundled actin filaments, cortical networks [82] ), generating different types of cellular force. Actin cytoskeleton attached to the plasma membrane at the cell cortex can either contract or relax, yielding two types of tension (including membrane tension and tension on the substrate) [146] which is the driving force of cell motility, as shown in Fig. 7A . In the stage of interphase, focal adhesion is with large and strong stress fibers. At this stage, tension on the substrate is strong, while membrane tension is weak. For mitosis, cells round up, during which tension on the substrate weakens and membrane tension strengthens. Fig. 7B are the dynamic changes of actin filaments taking place during cell mitosis [147] , clearly showing that actins dynamically reorganize. In 2011, Stewart et al. [148] have used AFM to measure the cytoskeleton-generated force during the mitosis of individual animal cells, as shown in Fig. 7C , D. The AFM cantilever was positioned over a prophase HeLa cell (8 μm above substrate) and held there while the cell underwent mitosis. The height of prophase HeLa cells was typically ∼ 7μm, thus cells were initially not in contact with the cantilever. The force exerted by the rounding mitotic cell was sensed by the AFM cantilever and recorded over time [148] . The regular AFM cantilever has a tilt degree (∼10°) [149] , which often results in that cells easily slide away from the cantilever when placing AFM cantilever on cells. In order to eliminate this effect, a wedge was combined with the AFM cantilever to compensate the tilt for parallel probing force of cell rounding [150] . The results clearly showed that force exerted on the AFM cantilever gradually increased as the mitosis progressed. The force suddenly decreased when the cell entered the stage of anaphase. The rearrangements of cellular cytoskeletons during cell mitosis are directly accompanied with the alterations of cellular stiffness. In 2013, Pietuch and Janshoff [151] used AFM to measure the Young's modulus of MDCK cells during cell spreading. The results significantly showed that cells became stiffer as cells converted from rounding status into spreading status. In 2012, Mescola et al. [152] combined AFM with fluorescence microscopy to investigate neuroblastoma cells and the experimental results notably showed the correlation between cytoskeleton changes, mechanical changes (adhesion characteristics), and physiological states (malignancy, tumorigenicity) of cells. Collectively, the environmental physical cues are sensed by cells via a complex molecular network based on cytoskeleton whose reorganizations act as an important factor to regulate the dynamic changes of cell mechanics (e.g., tension, adhesion, stiffness), which allows different cell states can be discriminated by cell mechanics.
VII. DISCUSSION AND PERSPECTIVE
The applications of AFM in quantifying the mechanical properties of single living cells both cultured in vitro and prepared from clinical patients in the past 20 years have revealed the unique changes of cell mechanics during several types of physiological and pathological behaviors at the single-cell level (e.g., stem cell differentiation, cancer development and metastasis), demonstrating the indicative role of cell mechanics in discerning different cellular states. The mechanics of cells could thus potentially be used as novel diagnostic and/or prognostic physical biomarkers to complement traditional histological examinations and genetic phenotyping [153] . However, in order to apply AFM single-cell mechanical assay in practical biomedical applications (e.g., cancer diagnosis), several issues need to be addressed.
First, the throughput and temporal resolution should be improved. Currently, the AFM mechanical measurement of a cell mainly depends on manual labor, including manual controlling the AFM probe move to the target cell, manual setting instrumental parameters to obtain force curves on cell, manual moving the sample stage to find appropriate cells, and manual off-line processing experimental data. This results in the very low efficiency: cells are measured one by one and each cell requires several minutes [9] . In practice, in order to obtain the conclusion with statistical significance, many cells need to be measured, which results in the high workload, limiting the practical application of AFM single-cell mechanical assay. Hence, automating the process of AFM single-cell mechanical measurement [154] , for example, automatically moving AFM tip to the specific position of cell, will be of important significance for promoting the throughput. Besides, the response time of cells to environmental cues is ∼1 ms [138] , which is much smaller than the time (more than ten minutes [65] ) of acquiring one AFM mechanical map of the whole cell, causing that it is difficult to observe the real-time dynamics of cell mechanics in cellular activities. For alternative, force curves can be successively recorded at the same point on cell surface to monitor the dynamic mechanical changes of a particular subcellular structure, which is useful for understanding cell mechanics in fast molecular mechanisms [155] . Improving the speed of AFM measurements will be greatly useful for us to investigate the dynamic cell mechanics at the small time scale. High-speed AFM [26] has been commercially available, and the time of capturing an AFM image has reduced to about sub-100 ms [156] . However, high-speed AFM is commonly adequate for small size imaging with rigid and flat surface, such as isolated molecules on substrate [157] and microbial cells possessing stiff cell wall [158] . Wide-area high-speed AFM has been developed for imaging mammalian cells [159] , but in this case the time of capturing an AFM image is about 5 s which is still much larger than the response time of cell to external stimulation.
Second, AFM measurements need to be standardized. The Young's modulus determined from AFM measurements is a relative value which is dependent on the experimental conditions, including environment (e.g., temperature, substrate, culture medium [72] ), instrumental parameters (e.g., probe, loading rate, indentation depth [46] ), cell (e.g., cellular positions being indented, cellular states [35] ), data analysis (e.g., model selection, contact point determination [160] ), and so on. Thus the results can be used for comparative studies only in cases when all experimental conditions are identical [77] .
Because it is difficult to maintain the experimental conditions identical for different research groups, there may be differences among the measurement results. For example, the trends of mechanical changes during stem cell differentiation are controversial [118] , [119] . Besides, even most studies have shown that cancer cells are softer than their normal counterparts, there are still studies showing that cancer cells appear to be more stiff than healthy cells. In 2014, the results of Park and Lee [161] showed that lowly metastatic prostate cancer cells were softer than highly metastatic prostate cancer cells. Hence, in order to make the results comparable between different research groups, the measurement procedure needs to be defined and standard samples are also required for calibration. Recently, Labriola et al. [162] developed a method to fabricate polyacrylamide (PAAm) microbeads by inverse emulsification. The size (∼ 10μm) and Young's modulus (∼1 kPa) of microbeads is similar to typical mammalian cells, providing a new idea to fabricate standard samples mimicking living cells.
Third, current studies about mechanics of cancer cells are commonly performed on measuring cellular Young's modulus. Besides Young's modulus, studies have shown that the relaxation time [134] and cell adhesion [135] , [152] of cancer cells are also different from normal cells. In 2012, Bastatas et al. [163] investigated the mechanics and calcium dynamics of prostate cancer cells with distinct metastatic potential. The results showed that Young's modulus alone failed to indicate the metastatic progression, but the combined biomechanical signatures of Young's modulus, adhesion, and calcium dynamics could effectively indicate the metastatic potential of prostate cancer cells, inspiring that performing studies on measuring multiple types of cell mechanics (e.g., Young's modulus, adhesion, relaxation time) and combining them with biological properties may help us to develop better biomarkers (or biomarker combination) for exactly indicating cell states and pathological changes. We have used AFM to simultaneously measure the elastic (Young's modulus) and viscoelastic properties (relaxation time) of cells [45] , [59] by simultaneously recording force curves and stress relaxation curves during the AFM indentation process on cells via an oscilloscope linked to AFM, which facilitates us to acquire multiple mechanical parameters for characterizing cell behaviors. In order to examine the role of more types of cell mechanics besides Young's modulus, direct comparison studies on cancer cells and their normal counterparts, particularly on primary cells prepared from clinical cancer patients, are required.
Several technical issues regarding the mechanical detection of clinical samples also need to be resolved. Current studies have demonstrated the indicative role of cell mechanics in discerning different stages of cancer. For clinical applications, the reliability of cell mechanic detection should be validated on many clinical cases. The procedures of clinical sample preparation and AFM measurements need to be standardized and the related value ranges of cancer cells and normal cells need to be confirmed [153] . Several studies have explored directly measuring the mechanics of primary tumor tissues and showed that tissue mechanics could indicate different stages during tumor metastasis [127] , [128] . The tumor tissues contain cancer cells, healthy cells (e.g, fibroblasts, stromal cell, immune cell), vessels (e.g., blood vessel and lymphatic vessel), and extracellular matrices [164] , meaning that the measurement reflects the mechanics of the local tissues. For such measurements, it is difficult to evaluate the exact contribution of each ingredient to the mechanics of tumor tissue, while studies have demonstrated that the other cells in the tumor tissue influence tumor progression and metastasis [165] . Besides, tumor tissue is highly heterogeneous. Not only there are genetic and phenotypic variations between individuals with the same tumor type (intertumor heterogeneity), but also there are subclonal diversities within a tumor (intratumor heterogeneity) [166] . This means that different positions of the tumor tissue may have different mechanical properties, thus several biopsies need be extracted from diverse positions of the tumor tissue.
VIII. CONCLUSION
The applications of AFM in biomechanics have provided a wealth of information about the unique changes of cell/tissue mechanics during various physiological and pathological activities, opening new possibilities for complementing traditional biochemical assays in biomedicine. We have reviewed here the state-of-the-art of AFM single-cell mechanical assays, including principle and methods, typical applications, molecular mechanisms, as well as the facing challenges for practical applications. Because of the complexity of biological systems, it may require a long period of time to realize the practical applications of AFM mechanical assays. It is delighted that the performance of AFM has been continually improved and new AFM imaging modes are being created [167] , [168] , which will make AFM more appealing to researchers. The combined use of AFM and molecular techniques (e.g., combined with confocal microscopy which can visualize the target biomolecules by fluorescence labeling [169] , [170] ) can simultaneously acquire multiple complementary information, which will help us to real-time investigate the links between cell mechanics and cell structures. We expect that as more AFM single-cell mechanical studies are performed in the future, it will lead to a more comprehensive understanding of cell mechanics in cell states and pathological changes.
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